Combination of surfactants and organic additives enhance hydrate-based processes. Action mechanism based on the successive formations of (sII) and (sI) hydrates. THF + SDS is the best association of additives among all the combinations tested. Enclathration rate and selectivity of the separation remain too low for scale-up.
Introduction
Clathrate hydrates are non-stoichiometric, ice-like crystalline solids formed by a three-dimensional network of hydrogenbonded water molecules (called host molecules), which can encage various species (called guest molecules) such as methane, carbon dioxide, cyclopentane, and acetone [1] in their cavities. These supra-molecular structures exist only when there are guest molecules in the cages, and are stable in precise thermodynamic conditions specific to the host-guest system considered. When the guest molecule is a gas, the clathrate hydrate is called a ''gas hydrate'', or simply ''hydrate'' for short. The three main hydrate structures are ''structure one'', ''structure two'', and ''structure H'', usually denoted (sI), (sII), and (sH), respectively. Structures (sI) and (sII) are of particular interest to the Oil and Gas industry as they can accommodate small gas molecules present in natural gas [2] . Many other details on these structures (geometry, suitable guests, etc.) can be found elsewhere [3] .
Practical applications involving hydrates have recently been proposed in sectors such as energy, transport and storage of gases, refrigeration and gas separation [4] . The use of clathrate hydrates as a gas separation technique is currently at the laboratory proof-of-concept stage. The principle of the separation is based on the following analysis: when the gas hydrate is formed from an initial gas mixture (e.g. a binary mixture A + B), the final composition of the gas enclathrated into the hydrate phase will be different from the composition of the vapor phase remaining at equilibrium with the hydrate formed. Therefore, one of the components initially present in the gas (e.g. component A) will be predominantly included in the hydrate phase. Later, the hydrates formed can still be dissociated, both to recover the enclathrated gas (in this case, a gas richer in component A) and to recycle the water. Theoretically, the process seems attractive, but in practice, several points need closer investigation before any application at industrial scale. They include the hydrate formation rate, and the quantity of the component to remove from the gas mixture (which https://dx.doi.org/10.1016/j.fuel.2014.01. 025 will be enclathrated in the hydrate phase), both of which must be as high as possible. Numerous hydrate-based separations have already been studied with different gas mixtures containing carbon dioxide (CO 2 ), methane (CH 4 ), hydrogen sulfide (H 2 S), sulfur hexafluoride (SF 6 ) and others gases [5] . This process may prove an interesting alternative to conventional separation techniques (e.g. reactive absorption using alkanolamines) [6] , and economically competitive for separating greenhouse gases such as SF 6 [7] or CO 2 [8] .
Natural gas is considered to be one of the major energy sources for the future due to its comparative abundance on Earth, its relatively low environmental footprint compared to petroleum, and the multiple applications possible in various sectors of the economy [9] . After extraction from the reservoir, the natural gas is transported to processing units for pre-treatment. In this raw state, the gas mixture is complex as it contains hydrocarbons -primarily alkanes (paraffins), predominantly methane -and a variety of other non-hydrocarbon species such as water, nitrogen, helium and acid gases [10] . Carbon dioxide is one of the major contaminants of natural gas, and has to be separated from the methane to reach the commercial specifications. Gas reservoirs can contain a variable proportion of CO 2 , ranging from a few percent up to 75 vol%. Examples of gas fields with a very high concentration of CO 2 are the offshore Natuna gas field in Indonesia (71% of CO 2 ) [11] or the onshore El Trapial field in Argentina (where light oil coexists with gas containing concentrations of CO 2 greater than 75%) [12] .
Owing to the proximity of the CO 2 and CH 4 [13] [14] [15] hydrate equilibrium curves, it is fairly difficult to efficiently separate CO 2 from a CO 2 -CH 4 gas mixture using a hydrate-based process. However, recent results have shown that adding certain chemicals to the water, such as surfactants, organic molecules or salts, can significantly: (i) enhance the hydrate formation rate [16, 17] , (ii) modify the position of the equilibrium curves [18, 19] and/or (iii) allow the selective enclathration of one of the gases in the hydrate phase [20] .
Among the numerous additives reported in literature tested for hydrate applications, many of them can be classified in two classes, named ''kinetic additives'' and ''thermodynamic additives'': (i) kinetic additives, generally used at low concentration (ranging from about ten to few thousands of ppm), are not included in the hydrate cavities and enhance (kinetic promoters) -or decrease (kinetic inhibitors) -the hydrate formation rate without any effect on the equilibrium conditions; (ii) ''thermodynamic additives'' modify the hydrate equilibrium conditions compared to the same system without additive, due to their presence into the cages of the hydrate structure or their ability to modify the activity of water. Similarly to kinetic ones, they are either promoters or inhibitors.
Interestingly, it is apparent that: (i) several surfactants are able to enhance the hydrate formation kinetics at very low dosage (such as a few hundred of ppm in water) [21, 22] ; and (ii) several organic molecules, particularly those which have a 5-membered cyclic structure derived from the cyclopentane, have also been reported to act as efficient thermodynamic promoters [23, 24] . However, very few works address combinations of additives. Even the two most commonly cited hydrate promoters, sodium dodecyl sulfate (SDS) -a well-known anionic surfactant -and tetrahydrofuran (THF) -a cyclic ether -have rarely been used together. The authors have recently shown that a combination of these two additives can work very well in the presence of pure carbon dioxide [25] and with a CO 2 + CH 4 gas mixture [26] . This paper presents hydrate formation studies performed using various combinations of two types of additives: kinetic and thermodynamic. The objective is to analyze the effect of these combinations on the enclathration kinetics, process capacity and efficiency of the CO 2 separation from a CO 2 -CH 4 gas mixture. Three surfactants (anionic and cationic) and four organic compounds (water-soluble or not) were tested at different concentrations, in various process operating conditions.
Parameters for process performance
Five parameters were defined for this study to analyze, compare the results, and quantify the process performance:
-The quantity of gas removed is the total mol number of gas removed from the gas phase, the reference being the total mol number of gas initially loaded in the reactor. This quantity can be calculated with the following equation:
where superscripts r, init, hyd and aq correspond to the gas removed from the gas phase, the gas initially loaded in the reactor, the gas present in the hydrate phase(s), and the gas solubilized into the aqueous solution, respectively. In this work, the quantity of gas removed is determined by a mass balance between the initial and final states. The molar quantities necessary for the calculations are obtained by using: (i) the gas compositions obtained by GC analyses; and (ii) the PengRobinson Equation of State (PR-EOS), used with classical mixing rules, to calculate the molar volume of the gas mixtures at operating conditions. For further details, the complete set of the equations can be found elsewhere [27] .
-S is the selectivity (toward CO 2 ), calculated as the molar ratio of CO 2 and CH 4 removed from the gas phase (see Eq. (2)). S is expressed in mole of CO 2 per mol of CH 4 . The higher the selectivity, the greater the efficiency of the CO 2 separation process.
-t 50 is the time (in minutes) needed to capture 50% of the total quantity of gas removed. Time t 0 is defined as the start of the batch experiment (i.e. when reactor loading is complete) and is equal to t 0 = 0 in what follows. -t 90 is the time (in minutes) needed to capture 90% of the total quantity of gas removed. -dn/dt (expressed in mol per min) is the maximum value of the gas enclathration rate during hydrate formation.
Materials and methods

Additives and materials used
Seven hydrate promoters were chosen: two anionic and one cationic surfactants: sodium dodecyl sulfate (SDS), sodium dodecyl benzene sulfonate (SDBS) and dodecyl trimethyl ammonium chloride (DATCl); and four 5-membered cyclic organic compounds: tetrahydrofuran (THF), 1,3-dioxolane (DIOX), 2-methyl-tetrahydrofuran (m-THF) and cyclopentane (CP). Information on these additives is provided in Table 1 .
THF, DIOX and CP are well known to form hydrates of structure (sII), where the 5 12 cavities are empty and the 5 12 6 4 cavities are occupied by the organic molecules [3] . In addition, a number of studies carried out with m-THF and CH 4 [28, 29] have demonstrated that the hydrate formed was of structure (sH). It is supposed here that m-THF forms also a structure (sH) in the presence of CO 2 or a CO 4 -CH 4 gas mixture. This assumption is reinforced by the fact the formation of mixed hydrates with THF and CH 4 , CO 2 or CH 4 + CO 2 always leads to the same hydrate (sII) structure [15] . To check this hypothesis, it would be very interesting to perform a XRD characterization of the hydrate formed in the presence of m-THF. Unfortunately, we do not have such apparatus and this structural determination is considered out of the scope of this work. For each thermodynamic additive tested (THF, DIOX, CP and m-THF), two concentrations were used: (i) a low concentration equal to 4 wt%; (ii) a high concentration corresponding to the stoichiometry of the hydrate of structure (sII) for the THF, DIOX and CP, and of (sH) for the m-THF. The stoichiometric concentrations (expressed in wt%) are equal to 19.6, 18.8, 12.5 and 19.2 for DIOX, CP, m-THF and THF, respectively.
Concerning the kinetic additives, there is two important properties of ionic surfactants which have to be defined: (i) an ionic surfactant is able to micellize when its concentration is higher than its Critical Micellar Concentration (denoted CMC); (ii) it does not form micelles below a temperature called the ''Krafft point'', denoted T k , at which its solubility becomes equal to its CMC. The CMC and Krafft's point of each surfactant used in this work (in pure water and under atmospheric pressure conditions) are given in Table 2 . The concentrations of the kinetic additives used in this work are from 1470 to 7300 ppm for DATCl, 500 to 4800 ppm for SDS, and from 600 to 5800 ppm for SDBS.
The CO 2 /CH 4 gas mixture used in this work was supplied by Air Liquide (France) with a composition of 75.02 ± 0.50 mol% of CO 2 and 24.98 ± 0.50 mol% of CH 4 . This composition has been chosen to address in priority the separation of CO 2 from gas fields having a very high concentration of CO 2 , such as e.g. those of Natuna or El Trapial fields cited in the introduction. For all experiments, the solutions were prepared using an electronic balance with a precision of ±0.001 g, and with ultra-pure water (resistivity of 18.2 MX cm) produced in our laboratory by a water purification system from ELGA Labwater (France).
Experimental apparatus
The pilot rig used to carry out the experiments presented in this study is shown in Fig. 1 .
The reactor is a jacketed high-pressure cell with an internal volume of 364.7 ± 0.9 cm 3 , heated and cooled by a propylene glycol solution which circulates into the jacket by means of a thermostatic bath (Polystat 37 from Fisher Scientific). It has two sapphire windows 20 mm in diameter, and is connected to a gas storage vessel with a pressure-reducing valve. Pressure in the cell is measured by a 0-10 MPa pressure transducer with a precision of ±0.02 MPa, and the gas/liquid temperatures are measured with two PT100 probes with a precision of ±0.2 K. Note that these accuracy values integrate the intrinsic error of the sensors, the data acquisition system and the repeatability of the measurements. A gas chromatograph (HP-GC6980 from Agilent), connected to the reactor and equipped with a high pressure sampling system, a capillary column HP-PLOT-Q and a thermal conductivity detector, was used to analyze the gas composition throughout the experiment. The mean error -including the precision of the gas composition analyses and the reproducibility of the experiments -was estimated to be less than 2.0 mol%, and the whole sampling system was optimized to create a negligible pressure drop (less than 0.001 MPa) for each point of analysis. A high-definition camera (Pro 9000 HD webcam from Logitech) was placed in front of one of the reactor windows to provide a direct view of what happened inside the reactor. To ensure efficient solubilization of the gases into the liquid phase, and to enhance thermal transfer, a 20 mm diameter, star-shaped magnetic agitator rotates on the reactor bottom. Note that this agitation system has insufficient torque to be able to stir any hydrate suspension. It is therefore stopped manually by the operator as soon as crystallization is visually detected, and the hydrate growth is always achieved in quiescent -or static -conditions. Data are recorded at a frequency of 1 Hz on a PC via a home-made Lab view Ò interface.
Experimental protocol
A volume of 65.0 ± 0.1 cm 3 of solution containing the additives was first introduced into the reactor, where it reached the middle of the windows. The reactor was then closed, regulated at 293 K, and flushed twice with the CO 2 /CH 4 gas mixture to remove the air initially present in the apparatus. Next, it was quickly [34] <273 [35] pressurized to the desired pressure (denoted P load ), during which time (with the agitator off) the quantity of gas which dissolves in the liquid was negligible [27] . The gas feeding valve was then closed to operate the reactor in batch conditions till the end of the experiment. Agitation was started and maintained at 600 RPM for 120 min to solubilize the gas into the solution. The reactor was then cooled at a rate of 0.9 K/min from 293 K to the target temperature (denoted T targ ) of 275 K, after which the system was maintained at this temperature to form hydrates. Finally, the temperature was raised to 293 K again to dissociate all the hydrates formed.
Results
Detail of a typical experiment
A typical experiment, carried out with a combination of SDS and DIOX is shown in Fig. 2 , and briefly discussed in this section.
From the beginning of the experiment to point A, the reactor pressure decreased as the gas (mainly the CO 2 ) solubilized into the solution, and then stabilized (at point A) when the solubility equilibrium was reached. From point A to B, the reactor was cooled until the target temperature T targ was reached. In some cases, the solution which was initially transparent (see Snapshot A) became turbid (see Snapshot B) owing to the precipitation of the surfactant (e.g. SDS) at this temperature. At point C, a first bulk hydrate crystallization occurred in the mixture (see snapshot C), accompanied by a first temperature peak clearly visible in Fig. 2(a) and (c). It is attributed to the formation of a mixed hydrate containing both the thermodynamic additive used (here the DIOX) and the gases (CO 2 and/or CH 4 ) [26, 36, 37] . The hydrate crystals then promote a second hydrate crystallization, which starts at point D in Fig. 2 . This is attributed to the formation of the CO 2 -CH 4 binary hydrate. It led to another temperature increase (see inside the dashed rectangle labeled by H, drawn in Fig. 2(a) ), a rapid gas pressure decrease ( Fig. 2(a) ), a substantial gas uptake and a significant decrease in the CO 2 composition of the remaining vapor phase (see Fig. 2(b) ). Note that the temperature peak resulting from the exothermicity of the second hydrate formation reached a maximum value at point E, correlated in our previous studies to the maximum value of the gas enclathration rate [26, 38] . Then, the reactor pressure stabilizes at point F, on the three-phase (LiquidHydrate-Vapor) equilibrium line (see Fig. 2(b) ). The experimental pressure measured at point F very closely matches the equilibrium pressure predicted by both the correlation of Adisasmito [39] and the CSMGem program developed by the Colorado School of Mines [3] . Interestingly, the period from points E to F -and particularly near point E -is always characterized by a rapid propagation, through the mass of crystals already present in the bulk, of dark efflorescences as shown in Snapshots E and F. Finally, during the dissociation stage (from point F to I), we frequently noted small ''accidents or bumps'' in the experimental curves (e.g. points G and H on Fig. 2(a) and (c)), which may correspond to the gradual dissociation of the two hydrates formed. However, a very slow dissociation ramp, about $0.1 K/hour or less [40] would be necessary to precisely determine the position of the phase transition points, and cannot be obtained with the experimental apparatus used here). The precise analysis of the dissociation curve is outside the scope of this work.
Comparison of the kinetic additives
To perform the tests with the different kinetic additives in combination with a thermodynamic promoter, THF was chosen as a reference and used at 4 wt% in water. This concentration was defined from the results of a previous author's study carried out with pure CO 2 , demonstrating that it allowed an efficient gas enclathration process, with a high water-to-hydrate conversion, even in static conditions [25] .
The effect of the nature of the kinetic additives on the enclathration process performance was examined through experiments carried out with SDS, SDBS or DATCl used at a concentration of 3000 ppm. The loading pressure P load was 4.0 MPa. The results obtained and the morphology of the hydrate observed at the end of the experiments are presented in Fig. 3 . The experimental dataset is summarized in Table 3 .
The temperature peaks noted in Fig. 3(b) are evidence of the formation of the mixed hydrate containing THF, which always forms first (as already discussed above in Section 4.1).
With SDS or SDBS, a significant drop in the reactor pressure was observed after 160 min (Fig. 3(a) and (c) ), indicating that a large quantity of gas had been removed from the gas phase (more than 55% of the initial quantity). For both additives, the averaged value of the pressure reached at the end of the experiments was 1.85 ± 0.01 MPa. This matches the equilibrium pressure of the binary CO 2 -CH 4 hydrate at 275 K, calculated at the averaged (1) gas storage vessel; (2) pressure reducing valve; (3) thermostatic baths; (4) hydrate forming reactor; (5) magnetic agitator; (6) high pressure gas chromatograph; (7) CCD camera; (8) lighting system of the reactor; and (9) standard PC for data acquisition. measured final gas composition y CO2 = 67.6 ± 0.5 mol% (see Fig. 3(d) ) with Adisasmito's correlation [39] . This point demonstrates, corroborating previous findings with pure CO 2 hydrates [25] , that SDS (and likewise SDBS here) used at this concentration has no detectable influence on the hydrate equilibrium conditions. Regarding the indicators of the enclathration kinetics (defined in Section 2), the process is more efficient when SDS is used rather than SDBS (see Table 3 ): t 50 and t 90 are slightly reduced by about 5%, while the dn/dt is increased by about 29.0% (values calculated in reference to the SDS data). However, at concentrations of 3000 ppm and higher, a selectivity close to S = 4 mol CO 2 /mol CH 4 , and almost identical for the two additives, was found.
With DATCl, the results, plotted in Fig. 3(a) , indicate a very different behavior from the system. The reactor pressure obtained at the end of the experiment (Pr = 3.29 MPa) was almost equal to the equilibrium pressure (Pr = 3.30 MPa) obtained by using only THF (i.e. without any kinetic additive present in the system), leading to removal of only 0.073 mol of gas (12.0%) as illustrated in Fig. 3(c) . Several experiments were carried out with different concentrations of DATCl. They were left for longer than 24 h under agitation at 275 K without any significant increase in the quantity of gas removed being observed. In addition, the appearance of the hydrates formed with this additive differed from the cases where SDS or SDBS were used. The bulk appears visually much more compact, and no dark efflorescence was observed during the experiment. No apparent change in the hydrate appearance was noted from the time the first mixed hydrate was formed through to the end of the experiment: it was as if the enclathration process ''stopped'', as soon as the first mixed hydrate was formed. DATCl was therefore considered as not efficient at promoting the formation of the binary CO 2 -CH 4 hydrate (i.e. leading to a significant drop in reactor pressure). As very little hydrate was formed, the selectivity of the separation remains high (S = 12.8), due mainly to the higher solubility of the CO 2 in the solution than the CH 4 (see Table 3 ). This value of S is comparable to that obtained without kinetic additive (S = 13.1). Therefore, it can be concluded that, although DATCl is a ionic surfactant, this additive is not acting as a kinetic promoter for this system.
Considering only the two kinetic additives that were found to enhance the enclathration process (i.e. SDS and SDBS) used in combination with THF at 4 wt%, the effect of the kinetic additives' concentration is reported in Fig. 4 . Note that Fig. 4 shows the normalized enclathration rate, which is a non-dimensionalised fraction where the normalization factor is the number of moles of gas initially present (denoted n o ), versus time. The enclathration rate was found to be enhanced by the presence of SDS in concentrations ranging from 500 to 4800 ppm: (dn/dt)/n o increased with the SDS concentration, reached a plateau between $1600 and $3000 ppm and decreased at higher concentrations. With SDBS, several differences were noted: (i) no effect was obtained at the lowest concentrations tested (600 and 1930 ppm); (ii) from 3000 to 5800 ppm, the enhancement effect was obtained and the resulting enclathration rate was nearly constant. One interesting point is that the enclathration rates obtained using SDS are always superior to those obtained with SDBS. However, the hydrate morphologies observed during the experiment were identical (i.e. hydrates grew along the reactor window, and dark efflorescences in the bulk correlated with a dramatic drop in the reactor pressure). The appearance of the bulk at the end of the experiment was consequently very similar to these two additives shown previously in Fig. 3(e) . These two anionic surfactants probably have a similar mechanism for enhancing hydrate formation.
However, the action mechanisms of these surfactants are not yet fully understood, as the system investigated is relatively complex. It is worth noting that, in this work, the temperature at which the CO 2 -CH 4 binary hydrate forms (275 K) is lower than the Krafft's point of SDS (see Table 2 ). In these conditions, one would expect the sudden precipitation of the SDS at low temperature to trigger crystallization of the binary CO 2 -CH 4 hydrate. But the hydrate formation temperature of 275 K is higher than the Krafft's point of SDBS (which is lower than 273 K as indicated in Table 2 ). So SDBS is unlikely to precipitate at this temperature: this point was confirmed experimentally, as the aqueous phase remains transparent at temperature T targ when this additive is used alone. Therefore, this option is not the correct one to explain why SDS and SDBS are both good kinetic promoters. Moreover, high-rate gas enclathration is obtained for surfactant concentrations either lower (for SDS) or higher (for SDS and SDBS) than the CMC of each surfactant. Accordingly, there would appear to be no direct correlation between the presence of micelles in the solution and the enclathration process efficiency (i.e. to obtain a large pressure drop with enclathration at high rate). This assumption is supported by various authors [30, 41] . Therefore, the presence of micelles is unlikely to be the parameter which controls the ability of the additive to enhance the hydrate formation kinetics.
Our main assumption, in the conditions of this work, is that a ''good kinetic promoter'' (i.e. comparable to SDS or SDBS) may adsorb both on the surface of the mixed hydrate (containing in this instance THF) that first formed into the bulk, and on the CO 2 hydrate. The adsorption of SDS on the surface of pure (sII) hydrates has already been demonstrated experimentally with cyclopentane [42] and THF [43] . Adsorption (of surfactants on hydrate surfaces) may prevent the hydrate particles from agglomerating into large compact masses and allow a network of hydrate particles to build up, wettable to water, and able to ''suck'' -or ''pump'' -the remaining aqueous solution by capillarity. This porous hydrate structure would maintain a high exchange surface between the gas phase and the water phase, even in quiescent conditions. This ''capillary-driven'' mechanism was observed experimentally by others with SDS and hydrocarbon gas mixtures [21] , and can be related to the observations made by various authors who have shown (at the end of the experiment) an annular hydrate layer which has grown up along the reactor walls [25, 44] .
Comparison of thermodynamic additives
SDS was chosen as the reference kinetic additive to perform the experiments with the thermodynamic promoters -as it appears to be the most efficient of the three kinetic additives tested -and used at a concentration of 3000 ppm which was found to maximize the enclathration rate with THF. The gas loading pressure of the reactor was also varied from 3.0 to 4.0 MPa. The experimental dataset is given in Table 4 .
The results obtained using the different thermodynamic additives at 4 wt% combined with 3000 ppm of SDS and with P load = 4.0 MPa, are shown in Fig. 5 . For the system without any thermodynamic additive, no hydrate formation is observed, as expected. Only SDS precipitation occurs (see the upper snapshot in Fig. 5(e) ).
For the DIOX, CP and THF additives, the two successive hydrate crystallizations are clearly observed, following the mechanism described in the Section 4.1. The observations made during the experiment were also identical for the three additives: the hydrates grow up the reactor window, and dark efflorescences (correlated with the enclathration of gas at high rate) appear throughout the crystals already present in the bulk. So the appearance of the system at the end of the experiments is very similar for the three additives, as can be seen from the snapshots in Fig. 5(e) . As shown in Fig. 5(a) , at low additive concentration, the reactor pressure obtained at the end of the experiment is the same for DIOX, CP and THF. The experimental pressure value reached by the system matches the equilibrium pressure of the CO 2 -CH 4 hydrate at this temperature and gas composition (see Fig. 5(c) and (d) ). As shown in Fig. 5(b) , the quantity of gas removed increases with the loading pressure of the reactor, as more binary CO 2 -CH 4 hydrate is formed.
However, at each level of pressure considered, the quantity of gas removed and the selectivity of the separation was found to be of the same order of magnitude for all three additives (see Table 4 ). Interestingly, when the gas loading pressure decreases (e.g. from 4.0 to 3.0 MPa), the selectivity toward CO 2 increases (e.g. by 33% for CP), while the quantity of gas removed decreases (e.g. by 28% for CP). For the conditions investigated in this work, as the water to hydrate conversion always ends when the hydrate equilibrium is reached, a lower loading pressure leads necessarily to less hydrate being formed and hence to more free water remaining. Therefore, few hydrates formed leads to little gas removed, and more free water leads to higher selectivity (as the solubilization of CO 2 in water is much higher than for CH 4 ).
An exception is observed for DIOX at the lowest pressure tested (3.0 MPa) where only one crystallization took place (and a very small temperature peak was observed). This particular behavior is attributed to a combination of lower DIOX promoting effect at this concentration (compared to THF or CP) and a low pressure condition.
Similarly to the case where no thermodynamic additive is used, Fig. 5 shows clearly that no hydrate was formed with m-THF (even when, in a complementary experiment, the target temperature was decreased to 273.7 K and the system left at this temperature for more than 16 h under agitation). The final pressure was found to be the same as when no thermodynamic additive was present. To the best of the author's knowledge, no data is available in the literature for the system CH 4 -CO 2 -(m-THF). However, a number of studies carried out with only m-THF and CH 4 have demonstrated that the corresponding hydrate equilibrium curve (obtained with 2.9 mol% of m-THF and CH 4 ) is close to that of pure methane hydrate [28, 29] . In addition, a study of the CH 4 -CO 2 -neohexane system based on CO 2 concentrations in gas close to that used in our work shows that the equilibrium conditions of the (sH) structure formed in presence of neohexane undergo little impact compared to the CO 2 -CH 4 system which forms (sI) [45] . Therefore, it can be stated that m-THF is likely to be a weak thermodynamic promoter, and the driving force applied on the system in our experiments was insufficient to induce (sH) hydrate crystallization. Interestingly, when m-THF is present, no SDS precipitation was observed, as can be seen in Fig. 5(d) where the solution remains transparent. The effect of the additive concentration is analyzed though the results presented in Figs. 6 and 7. Fig. 6 shows a representative example of the evolution of the reactor pressure, temperature and gas phase composition versus time at a ''low'' and ''high'' concentration of additive. DIOX was chosen as an example in Fig. 6 for its ready correlation with the data presented in Fig. 2 , but the same behavior was noted for all the additives, except m-THF with which no hydrate forms. At high concentration (19.6 wt% of DIOX), the quantity of gas removed is less than half that obtained at low concentration (4 wt% of DIOX). A single and very large temperature peak (about 9 K of magnitude) is measured (see Fig. 6(b) ). The fact that no secondary crystallization is observed suggests that most of the water and DIOX is consumed to form the mixed hydrate. It is clearly apparent in Fig. 7 that the quantity of removed gas obtained at low concentration (4 wt%) is between 60% and 100% higher than at high concentration. In addition, for DIOX, THF or CP (with the same reactor loading pressure, of 4.0 MPa for the data in Fig. 7) , the selectivity of the separation did not greatly vary (i.e. from 3.9 for THF to 4.6 for CP moles of CO 2 per mole of CH 4 , in these conditions). However, an exception is noted for the experiments with m-THF, where the selectivity was more than doubled at high concentration (S increases from 25.0 to 53.7). This result is explained by the fact that, just as stoichiometric aqueous solutions of THF forms two liquid phases in presence of CO 2 [46] , the stoichiometric solutions of m-THF in our experiment exhibit the same behavior in the presence of CO 2 . As CO 2 is generally highly soluble in ethers [47] , the global selectivity of the process is greatly increased due to the preferential solubilization of the CO 2 in the pure m-THF.
Finally, in previous recent studies of the author carried out with the combination of THF + SDS and CO 2 + CH 4 [26] at various concentrations of THF and 3000 ppm of SDS, the concentration of THF initially present in the bulk -even if almost all this additive is found in the mixed hydrate which crystallizes first -was found to significantly impact the formation kinetics of the second hydrate (the binary CO 2 -CH 4 hydrate or the pure CO 2 hydrate). Consequently, the comparison of the kinetic performance of these three additives coupled with the resulting selectivity, is a key point of this study. Our data analysis suggests that, in our case: (i) THF is the additive with which the mixed hydrate forms soonest; (ii) when the binary CO 2 -CH 4 hydrate starts to crystallize, the use of THF helps it form at the higher rate; (iii) when hydrates are formed, the selectivity S of the separation is equivalent with DIOX, CP and THF, and the average value of S is about 4 mol of CO 2 per mole of CH 4 ; (iv) if we were asked to rank the four thermodynamic additives tested in decreasing order of kinetic performance, our classification would be: THF > CP > DIOX ) m-THF (as this last additive did not induce the formation any hydrate under the experimental conditions of this study).
Concluding remarks
This study investigates the effect of a combination of thermodynamic additives and kinetic additives on hydrate formation, where three ionic surfactants (SDS, SBBS and DATCl) and four cyclic organic compounds (DIOX, CP, THF and m-THF) were tested, in various combinations.
The global action mechanism is identical for most of the combinations tested. At low concentrations of the thermodynamic promoter (i.e. 4 wt%), the system first forms a mixed hydrate containing the organic compound which, when the subcooling conditions are appropriate, triggers formation of the binary CO 2 -CH 4 hydrate. An exception was found for m-THF which did not form any hydrate under the various experimental conditions tested in this work, probably due to its weak promoting effect and its ability to induce hydrates of structure (sH).
Concerning kinetic additives, our ranking would be: SDS > SDBS ) DATCl (in combination with THF) to enhance the hydrate formation rate of the CO 2 -CH 4 binary hydrate, with a Comparison of the thermodynamic additives, used at low (4 wt%) and high (stoichiometric) concentrations in combination with SDS at 3000 ppm, on the quantity of gas removed and the selectivity. Gas removed (symbols): } without additive; 4 4 wt%; s stoichiometric concentration. Selectivity (bars): white is without additive; grey is for 4 wt%; hatching is for stoichiometric concentration.
(dn/dt) max for the system THF + SDS of about 6.6 Â 10 À3 mol of gas per min. However, the action mechanism of the surfactants used is not fully understood to date.
Concerning thermodynamic additives, the nature of the organic compound also influences the hydrate formation kinetics of the CO 2 -CH 4 binary hydrate, even if the organic molecule is already crystallized in the bulk in the form of mixed hydrates. The best results in terms of hydrate formation kinetics for the binary CO 2 -CH 4 hydrate were thus obtained using the additives at low concentration (4 wt%), leading for example to a reduction of about 90% of the t 50 for the system DIOX + SDS if the concentration of DIOX is decreased from 19.6 to 4 wt%. THF appears to be the most efficient, both in reducing the induction time of the mixed hydrate and in enhancing the hydrate formation rate, e.g. by increasing it of a factor 1.6 and 2.3 the enclathration rate obtained using CP, and DIOX in the same conditions, respectively. Therefore, our classification of the thermodynamic additives (in combination with SDS) would be THF > CP > DIOX ) m-THF.
In terms of selectivity of separation, the combination of a kinetic additive and a thermodynamic additive produces values of S close to 4 molecules of CO 2 per mole of CH 4 .
In terms of technology transfer from the lab to larger scale, the gas enclathration rate is still to low -in the conditions tested in this work -to foresee any scale-up to date. One reason would be that the multiphasic contactor used in the experiments is not efficient in terms of mass transfer, as the crystallization is done in quiescent conditions (the worst case). It would be interesting to study and compare different technological options, more advantageous in terms of hydrodynamics and/or heat and mass transfers, such as agitated reactors, bubbles columns, and slurry loop reactors. Similarly, the low selectivity value toward CO 2 is another important limitation, which remains to be unlocked (e.g. by using novel additives or a multi-stage process) if any application of this technique for CO 2 /CH 4 separation at industrial scale is to be expected.
The coupling of additives, and particularly the association of a kinetic and a thermodynamic additive, has proved to be a promising method to enhance hydrate formation kinetics and shorten induction times. However, the action mechanisms still need closer investigation to understand, in particular, the action of the surfactant, and to determine how the synergies work. In situ spectroscopic measurements (e.g. by using Raman analysis) or microscopic observations of the crystals (e.g. by using a Particle Video Microscope) during hydrate formation could bring valuable elements to go further in the mechanisms. Unfortunately, we do not have yet the experimental apparatuses to perform such analyses. As more efficient combinations of additives doubtless exist, the search for substitute compounds of THF remains of paramount importance for many practical applications. However, the system based on SDS + THF remains to date the most efficient additive combination found in the scope of this work.
